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ABSTRACT
We present a systematic study of the X-ray binaries (XRBs) containing a black hole (BH) and a
non-degenerate companion, in which mass transfer takes place via either capturing the companion’s
wind or Roche lobe overflow (RLO). As shown in our previous work that focusing on the formation and
evolution of detached BH binaries, our assumed models relevant to BH’s progenitors predicted signif-
icantly different binary properties (Shao & Li 2019). In this paper, we further follow the evolutionary
paths of the BH systems that appearing as XRBs. By use of both binary population synthesis and
detailed binary evolution calculations, we can obtain the potential population of BH XRBs. Distribu-
tions at the current epoch of various binary parameters have been computed. The observed sample of
wind-fed XRBs can be well reproduced under assumption of all our models. The wind-fed XRBs are
expected to be so rare (. 100) that only a couple of such systems have been detected. Comparison of
known RLO XRBs with the calculated distributions of various binary parameters indicates that only
the models assuming relatively small masses for BH progenitors can roughly match the observations.
Accordingly we estimate that there are hundreds of RLO XRBs in the Milky Way, of which the ma-
jority are low-mass XRBs. The RLO systems may become ultraluminous X-ray sources (ULXs) if the
BH accretes at a very high rate, we expect that about a dozen ULXs with a BH accretor may exist
in a Milky Way−like galaxy.
Subject headings: binaries: general – stars: black holes – stars: evolution – X-rays: binaries
1. INTRODUCTION
To date, there are about two dozen of binary systems
containing black holes (BHs) for which their dynamical
masses have been confirmed in the Milky Way. The ma-
jority of them are identified in X-ray binaries (XRBs),
since the X-ray radiation due to the BH accretion was de-
tected (Remillard & McClintock 2006; Casares & Jonker
2014). Prior to the XRB phase, the systems ought to be
detached binaries hosting a quiescent BH around its non-
degenerate companion. Recently, a few detached systems
are proposed to host a BH since its dynamical mass was
measured according to the optical observations of the vis-
ible companion (e.g., Giesers et al. 2018; Khokhlov et al.
2018; Thompson et al. 2019; Liu et al. 2019).
The mass transfer proceeds through either the cap-
ture of the companion’s wind or Roche lobe overflow
(RLO), XRBs can be accordingly divided into the wind-
fed systems and the RLO ones. Several wind-fed XRBs
have been confirmed to contain a BH accretor and an
OB star companion such as Cyg X-1 (e.g., Orosz et al.
2011a) and LMC X-1 (e.g., Orosz et al. 2009). Also, in
Cyg X-3 the compact star is very likely a BH (Zdziarski
et al. 2013) that is being fed by the wind from a Wolf-
Rayet (WR) star (van Kerkwijk et al. 1992). While the
wind-fed systems usually belong to high-mass (& 10M)
XRBs (HMXBs), observations show that most of BH
XRBs are the RLO systems with companion masses less
than ∼ 2M (Remillard & McClintock 2006; Casares
& Jonker 2014). These binary systems are correspond-
ingly classified as low-mass XRBs (LMXBs). Table 1
provides the observed values of key parameters of known
BH XRBs in the Milky Way. Among the observed
XRB sample, it seems to be lack of intermediate-mass
( ∼ 3 − 10M) XRBs (IMXBs). On the one hand, as a
wind-fed system, the stellar wind from an intermediate-
mass companion is not strong enough, thus such a source
is too dim to be detected in the X-ray band. On the
other hand, as an RLO system, the mass transfer will
proceed on a very short timescale, leading to the rarity
of the IMXB systems. SS433 might be in such a stage
with super-Eddington mass transfer, although its nature
is still of debate (see Fabrika 2004, for a review). Mean-
while, in external galaxies, there are hundreds of ultra-
luminous X-ray sources (ULXs) observed, whose X-ray
luminosities exceed 1039 erg s−1 (Kaaret et al. 2017). It
is thought that such high X-ray luminosities are created
due to mass accretion onto BHs in the RLO XRBs (Pod-
siadlowski et al. 2003; Rappaport et al. 2005). Previous
population synthesis calculations showed that the ULX
systems with a BH accretor are dominated by HMXBs
and IMXBs, whose ages are always younger than 100
Myr (e.g., Madhusudhan et al. 2008; Wiktorowicz et al.
2017). Besides the BH ULXs in a young environment, a
part of the ULX systems are expected to be LMXBs in
old populations (King 2002).
The general picture for the formation and evolution of
BH XRBs has been built for decades (van den Heuvel
1974). BH XRBs are thought to be the evolutionary
products of massive primordial binaries. However, there
still remain many major uncertainties in the processes of
massive binary evolution, in particular the physics of the
BH formation and the role of the mass exchange (e.g.,
Podsiadlowski et al. 1992; Langer 2012). Many previ-
ous investigations have explored the formation of the BH
HMXBs containing an OB star (e.g., Belczynski & Zi-
olkowski 2009) or a helium star (Linden et al. 2012), and
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Basic parameters of Galactic (candidate) BH XRBs with known orbital periods.
Source MBH (M) Mc (M) Porb (days) Spectral type Teff a∗ M˙tr (M yr−1)
GRS 1915+105 (1) 12.4± 2.0 0.58± 0.33 33.85 K0III−K3III 4100− 5433c 0.95± 0.05 < 1.5× 10−7
GS 2023+338 (2) 9.0± 0.6 0.54± 0.05 6.47 K0III−K3III 4100− 5433c − 9.3× 10−10
V4641 Sgr (3) 6.4± 0.6 2.9± 0.4 2.82 B9III 10500± 200 − −
GRO J1655-40 (4) 5.31± 0.07 1.75± 0.25 2.62 F3-G0IV 5706− 6466c 0.7± 0.1 8.7× 10−10
GS 1354-64 (5) 7.6± 0.7 ∼ 1.03 2.54 G5IV 4985− 6097c − > 1.6× 10−9
GX 339-4 (6) > 7 0.3− 1.1 1.75 K1V 4533− 4837c 0.25± 0.15a 1.8× 10−8
XTE J1550-564 (7) 9.1± 0.6 0.30± 0.07 1.54 K3III/V 4700± 250 0.34± 0.2 1.6× 10−9
4U 1543-47 (8) 9.4± 2.0 2.7± 1.0 1.12 A2V 9000± 500 0.8± 0.1 1.1× 10−9
MAXI J1820+070 (9) 5.7− 8.3 0.3− 0.8 0.69 K3V-K5V 4065− 5214c − −
H1705-250 (10) 6.4± 1.5 0.25± 0.17 0.52 K3V-M0V 3540− 5214c − < 2.8× 10−10
GRS 1124-68 (11) 6.95± 0.6 0.9± 0.3 0.43 K3V-K5V 4065− 5214c 0.25± 0.15a < 3.3× 10−10
XTE J1859+226 (12) 7.7± 1.3 ∼ 0.7 0.38 K0V-K5V 4400− 5240c 0.25± 0.15a −
GS 2000+251 (13) ∼ 6.55 0.16− 0.47 0.34 K3V-K6V 3915− 5214c 0.05± 0.05a < 6.5× 10−11
A0620-00 (14) 6.61± 0.25 0.4± 0.05 0.32 K5V-K7V 3800− 4910c 0.12± 0.19 5.4× 10−11
GRS 1009-45 (15) ∼ 8.5 0.54± 0.10 0.29 K7V-M0V 3540− 4640c − 2.7× 10−10
GRO J0422+32 (16) ∼ 10.4 0.95± 0.25 0.21 M1V-M4V 2905− 4378c − < 2.7× 10−11
XTE J1118+480 (17) 7.6± 0.7 0.18± 0.07 0.17 K7V-M1V 3405− 4640c − 2.1× 10−10
MAXI J1659352 (18) 3.6− 8.0 ∼ 0.15− 0.2 0.1 M2V-M5V 3200− 3600c − 1.4× 10−10
Cyg X-1 (19) 14.8± 1.0 19.2± 1.9 5.6 O9.7Iab − > 0.983 1.4× 10−8
Cyg X-3 (20) 2.0− 4.5 7.5− 14.2 0.2 WN4−WN8 − − −
AS 386b (21) > 7 6− 8 131.3 Be − − −
MWC 656b (22) 3.8− 6.9 10− 16 60.4 B1.5-B2IIIe − − −
Column 1: the source name. Column 2: the BH mass. Column 3: the companion mass. Column 4: the orbital period. Column 5: the
companion’s spectral type. Column 6: the companion’s surface effective temperature. Column 7: the BH’s spin parameter. Column 8: the
mean mass-transfer rate, which is obtained according to the estimation of Coriat et al. (2012).
Notes. a The a∗ is estimated from the maximum jet power of the source (Steiner et al. 2011). b AS 386 and MWC 656 do not belong to
XRBs since they are undetected in the X-ray band, the binary parameters listed here will be used to explore the properties of the BH−Be
binaries in Section 2.1. c The Teff is inferred from the given spectral type.
References. (1) Greiner et al. (2001), Harlaftis & Greiner (2004), McClintock et al. (2006). (2) Casares & Charles (1994), Khargharia et
al. (2010), Hynes et al. (2009). (3) Orosz et al. (2001), Sadakane et al. (2006), MacDonald et al. (2014). (4) Motta et al. (2014), Gonza´lez
Herna´ndez et al. (2008), Shafee et al. (2006). (5) Casares et al. (2009). (6) Mun˜oz-Darias et al. (2008), Hynes et al. (2003). (7) Orosz et al.
(2011b), Steiner et al. (2011). (8) Orosz et al. (1998), Shafee et al. (2006). (9) Torres et al. (2019), Torres et al. (2020). (10) Remillard
et al. (1996), Harlaftis et al. (1997). (11) Shahbaz et al. (1997), Gelino et al. (2001). (12) Zurita et al. (2002), Corral-Santana et al. (2011).
(13) Ioannou et al. (2004), Harlaftis et al. (1996), Chevalier & Ilovaisky (1990). (14) Johannsen et al. (2009), Cantrell et al. (2010), Neilsen
et al. (2008), Gou et al. (2010). (15) Filippenko et al. (1999), Macias et al. (2011). (16) Harlaftis et al. (1999), Reynolds et al. (2007). (17)
Gonza´lez Herna´ndez et al. (2012), Khargharia et al. (2013), Calvelo et al. (2009). (18) Yamaoka et al. (2012), Kuulkers et al. (2013). (19)
Orosz et al. (2011a), Gou et al. (2014). (20) Zdziarski et al. (2013), van Kerkwijk et al. (1992). (21) Khokhlov et al. (2018). (22) Casares
et al. (2014).
demonstrated that the possible properties of the XRB
systems are significantly subject to those uncertainties.
The HMXB stage plays a vital role in connecting the evo-
lution from massive primordial binaries to double com-
pact stars. One expects that BH HMXBs may evolve to
be double compact stars if the binary systems are not
disrupted or merged during the evolution, and a part of
them having close orbits may finally coalesce into gravita-
tional wave sources (e.g., Belczynski et al. 2016; Kruckow
et al. 2018; Mapelli & Giacobbo 2018).
The formation of BH LMXBs is still a controver-
sial topic. According to conventional wisdom, the BH
LMXBs are believed to evolve from the primordial bina-
ries with extreme mass ratios (see Li 2015, for a review).
The standard scenario for the BH LMXB formation in-
volves a common envelope (CE) phase (Paczyn´ski 1976)
during the primordial binary evolution. When the sec-
ondary star and the core of the primary star avoid merg-
ing, the core may evolve to collapse and finally lead to
the formation of a BH in a close binary. One obvious
difficulty in this scenario is that the orbital energy of the
binary system may be insufficient to eject the massive
envelope of the primary star (e.g., Portegies Zwart et al.
1997; Kalogera 1999; Podsiadlowski et al. 2003). This
has led to several exotic scenarios for the BH LMXB for-
mation, e.g., a triple star scenario (Eggleton & Verbunt
1986), the formation of the low-mass companion from
a disrupted envelope of a massive star (Podsiadlowski
et al. 1995), the companion being a pre-main sequence
star (Ivanova 2006), or the ejection of the primary’s en-
velope with nuclear rather than orbital energy (Podsiad-
lowski et al. 2010). In addition, it was suggested that
the current LMXBs may descend from the BH binaries
with an initially intermediate-mass companion (Justham
et al. 2006; Chen & Li 2006; Li 2008).
The birthrates and properties of BH XRBs are strongly
influenced by the condition of BH formation. Stellar evo-
lution predicts that BHs are the final products of mas-
sive stars with masses & 20− 25M (Woosley & Weaver
1995; Fryer et al. 2012). However, there are observa-
tional indications that stars of mass & 17 − 25M have
not been observed as the progenitors of type IIP super-
novae (Smartt 2009, 2015), Kochanek (2014) suggested
that these stars may die in failed supernovae creating
BHs. The formation problem of BH LMXBs may be
solved in the standard scenario if the lower limit for the
3masses of the BH progenitors is down to ∼ 17M (Wang
et al. 2016), which help the binary survive during the CE
evolution. Recent numerical simulations (e.g., O’Connor
& Ott 2011; Ugliano et al. 2012; Pejcha & Thompson
2015; Ertl et al. 2016; Sukhbold et al. 2016) indicate that
the outcome of neutrino-driven explosions is greatly con-
trolled by the core structure of massive stars, and there
is no clear threshold of the progenitor masses to deter-
mine whether the stars implode to be BHs or explode to
be neutron stars (NSs). Stars with masses even as low
as ∼ 15M can still have the probability to eventually
implode to be BHs (Raithel et al. 2018). To explore the
possible influence of different BH formation mechanisms,
Shao & Li (2019, hereafter Paper I) proposed four rel-
evant models in their investigation in the population of
detached BH binaries with normal-star companions1 in
the Milky Way. These BH binaries, although quiescent in
X-ray, can be detected and dynamically identified by ob-
servations of the optical companions (Giesers et al. 2018;
Khokhlov et al. 2018; Thompson et al. 2019; Liu et al.
2019).
In paper I, we use the binary population synthesis
(BPS) code BSE (Hurley et al. 2002) to obtain the distri-
butions of various parameters for incipient BH binaries2,
including the component masses, the evolutionary state
of the companion stars and the orbital parameters of
the binary systems. When the winds from the compan-
ion star become intense enough, or when the companion
star evolves to overflow its RL, efficient mass accretion
onto the BH commences and the binary appears as an
XRB. In this work, we attempt to explore the properties
of the XRB population including both the wind-fed bi-
naries and the RLO ones based on the results in Paper
I. Since the BSE code can model the mass transfer via
RLO in a rather crude way, we employ the stellar evo-
lution code MESA (Paxton et al. 2011, 2013, 2015) to
simulate the mass transfer processes in RLO systems, by
tracking the evolutionary paths of several thousands of
the BH binaries with a grid of initial parameters. After
recording the evolutionary sequences of each BH binary
during the mass-transfer phases, we can combine them
with the birthrate distribution of the incipient BH bina-
ries to synthesize the potential population of the RLO
XRBs. With the MESA code to simulate the evolution
of the lobe-filling binaries, this is a major step forward
over previous population synthesis studies of the RLO
systems.
The structure of this paper is organized as follows. In
Section 2 we use the BPS method to show the properties
of the wind-fed XRBs, and then employ detailed binary
evolution calculations to obtain the outcomes of the RLO
XRBs in Section 3. We briefly discuss some possible un-
certainties that can affect our results in Section 4. Finally
we make a conclusion in Section 5.
2. POPULATIONS OF WIND-FED XRBS
Observations of Galactic BH XRBs show that the
wind-fed systems are usually HMXBs. According to dif-
ferent stellar types of the companion star, the wind-fed
1 A normal star specifically refers to a star residing at the main-
sequence or (super)giant stage.
2 An incipient BH binary is a binary system containing a newly
born BH and an unevolved main-sequence star.
XRBs are divided into the binary systems containing an
OB star and the ones containing a helium star (or a WR
star).
Before describing the detailed properties of the calcu-
lated XRB populations, we review some basic assump-
tions and initial parameters used in Paper I. If the mass
transfer via RLO is dynamically unstable, then a binary
will enter a CE phase. We employ the standard energy
conservation equation (Webbink 1984) to deal with the
outcome of the CE phase. It is assumed that the or-
bital energy of the embedded binary is used to eject the
envelope. We adopt the results of Xu & Li (2010a,b) to
calculate the binding energy of the envelope and take the
CE ejection efficiency to be unity.
For BH formation, we adopted four different models
regarding the BH progenitors and the kick velocity dis-
tribution of the newborn BHs. Model A uses the pre-
scription for the BH formation via the rapid supernova
mechanism (Fryer et al. 2012), in which single stars with
masses of & 20M finally evolve to be BHs. The BH
mass is contributed by the masses of both the proto-
compact object and the fallback material. For the distri-
bution of BH’s natal kick velocities, we use the velocity
distribution of the Galactic pulsars reduced by a factor
of (1−ffb), where ffb is the fraction of the fallback mate-
rial in the total ejected matter. The kick velocities of the
Galactic pulsars are assumed to obey a Maxwellian dis-
tribution with a dispersion of 265 km s−1 (Hobbs et al.
2005). In Models B−D, the progenitor masses of the
BHs are allowed to be as low as ∼ 15M, and the BH
masses are directly obtained from the remnant masses of
the helium core prior to supernova explosions according
to Raithel et al. (2018). There is a caveat that the lower-
limit mass of ∼ 15M for BH progenitors is worked out
according to numerical simulations of single-star evolu-
tion (e.g., Sukhbold et al. 2016), while the final fate of
stars in binary systems can be dramatically different due
to RLO mass transfer. Massive (up to & 60M) stars
that lose their envelopes before helium core burning end
up with much lighter pre-supernova cores than those do
not, and probably evolve to be NSs rather than BHs
(Brown 2001). Therefore, the models of single stars are
only relevant for Case C binaries in which mass trans-
fer begins after helium core burning. From the BPS
outcome, the primordial binaries with primary masses
of ∼ 15 − 20M always evolve to be the incipient BH
binaries with a low-mass companion, and almost all of
them have experienced Case C mass transfer and then
a CE phase. So adopting the single-star models to form
BHs should be reasonable treatments in our cases. Since
the BH formation does not involve the fallback process
in Models B−D, we adopt three approaches to deal with
the BH’s natal kicks. In Model B we use the pulsar’s kick
velocity reduced by a factor of (3M/MBH). In Model C
and D we adopt the kick velocities obeying a Maxwellian
distribution with a dispersion of 150 and 50 km s−1, re-
spectively.
For the primordial binaries, the distributions of all ini-
tial parameters are set as same as those in Paper I. We
assume that the star formation rate of the Milky Way
has a constant value of 3M yr−1 over a period of 10
Gyr and all stars initially have the solar compositions
(Z = 0.02). In our calculations, we pick out all of de-
tached BH binaries and record relevant parameters at
4TABLE 2
Predicted numbers of various types of BH XRBs in the Milky Way.
Models MBH Vk NBH−Be Nwind−fedBH−OB N
wind−fed
BH−He N
RLO
XRB N
RLO
ULX
A Mproto +Mfb ∝ 1− ffb 378 34 (113) 81 (200) 53 12
B Mrem ∝ 3.0/MBH 392 19 (156) 56 (342) 586 16
C Mrem σk = 150 km s
−1 332 13 (153) 34 (364) 622 14
D Mrem σk = 50 km s
−1 1044 30 (444) 109 (542) 822 17
Columns 1-3: the physical inputs of different models. Column 4: for all detached BH−Be binaries, in spite of the magnitudes of the X-ray
luminosity due to BH accretion. Columns 5-6: for the wind-fed BH−OB and BH−He XRBs with X-ray luminosities of > 1035 erg s−1. For
comparison, the corresponding numbers of all detached binaries are given in the parentheses. Column 7: for the RLO XRBs. Column 8:
for the RLO ULXs.
Notes. In this study, we have separated the BH systems with an OB star into BH−Be binaries and BH−OB ones, depending on whether
or not the rotational velocities of the OB star reach 80% of the Keplerian limits.
each of the evolutionary step. The corresponding num-
ber of a specific binary can be calculated by multiplying
its birthrate with the timestep. Stellar wind mass-loss
rates of Vink et al. (2001) are applied to hot OB stars.
For helium stars (or WR stars), we decrease the mass-
loss rates of Hamann et al. (1995) by a factor of 2 (Kiel &
Hurley 2006). We follow the method of Belczynski et al.
(2008) to calculate the mass accretion rates of BHs in the
wind-fed systems. For eccentric binaries we estimate a
mean accretion rate over the orbital period. The release
of the gravitational potential of the accreted material is
converted into the X-ray luminosity.
Among the HMXBs with an NS accretor, most of them
have been found to contain a Be star companion (Liu
et al. 2006; Reig 2011). Be stars are thought to be
rapidly rotating B-type stars. The rotational velocities
of Be stars generally reach nearly their Keplerian limits,
resulting in the formation of an excretion disk around
them (e.g., Lee et al. 1991; McGill et al. 2013). In an
NS−Be XRB, the NS accretes the dense stellar wind
from the Be star, therefore radiating X-rays. However,
no BH−Be XRBs have been detected until now. MWC
656 and AS 386 are proposed to be the BH−Be systems
due to the optical (radial velocity) observations of the Be
star (Casares et al. 2014; Khokhlov et al. 2018). In this
study, we separately discuss the wind-fed XRBs accord-
ing to the rotational velocities of the companion star.
Using 80% of the Keplerian rotational velocity as a cri-
terion, we separate BH binaries with an OB star into
BH−Be systems and BH−OB ones, which respectively
contain a rapidly and slowly rotating OB stars. In ad-
dition, we also take into account the BH binaries with a
helium star (denoted as BH−He systems) when the hy-
drogen envelope of the companion was stripped off. In
this work, we define the wind-fed systems as XRBs if the
X-ray luminosities are higher than 1035 erg s−1. The esti-
mated numbers of wind-fed BH XRBs in all our assumed
models are summarized in Table 2.
2.1. The Case of BH−Be Systems
Since we cannot simulate the stellar winds from Be
stars and then the X-ray luminosities due to BH ac-
cretion, here we consider all detached BH−Be systems.
Fig. 1 presents the predicted number distributions of
Galactic BH−Be binaries in the companion mass vs. or-
bital period plane. The four panels correspond to Models
A−D. The two blue squares in each panel plot the po-
sitions of the sources MWC 656 and AS 386. It can be
seen that the covered region of the BH−Be binaries pro-
duced in all models are very similar. The masses of the
companion stars vary in the range of ∼ 5 − 30M, and
the orbital periods are always larger than ∼ 4 days. Note
that only the binaries with orbital periods less than 1000
days are included in our study. The formation of Be stars
in binary systems usually involves a stable mass-transfer
stage rather than a CE phase during the progenitor bi-
nary evolution (e.g., Shao & Li 2014; Vinciguerra et al.
2020). Our previous work on BH−Be binaries obtained
slightly larger value (∼ 8M) for the lower limit of the Be
star masses (Shao & Li 2014). This difference of the com-
panion masses may originate from the different prescrip-
tions of the stellar winds. Our present work allows lower
masses for the BH’s progenitors since a weaker wind in
the WR stage is adopted, thus leading to the formation
of the Be star with smaller masses. The observed sources
MWC 656 and AS 386 can be well reproduced in the pa-
rameter space of companion mass vs. orbital period. We
estimate that the total number of the BH−Be binaries
in the Milky Way is ∼ 300 − 1000 under assumption of
all our models (see Table 2).
Fig. 2 shows the histogram distributions of the calcu-
lated number of Galactic BH−Be binaries as a function
of the companion mass, the BH mass, the orbital period,
and the orbital eccentricity in Models A−D. we can see
that the Be star masses and the orbital periods in Models
A−C have similar distributions, while Model D predicts
three times more BH−Be systems due to small BH’s na-
tal kicks. All our models indicate that the mass distribu-
tions of the Be stars have a broad peak near ∼ 6−10M
and the orbital period distributions have a peak at ∼ 30
days. The obvious differences between Models A and
B−D are the distributions of the BH masses and the or-
bital eccentricities. Model A predicts that the BH masses
distribute in the range of ∼ 5 − 15M with a peak at
∼ 7− 8M, and the binary systems tend to have nearly
circular orbits. This is because the majority of the BHs
are created through direct collapse without natal kicks.
In Models B−D, the BH mass distributions have a peak
at ∼ 5 − 6M and a tail up to ∼ 15M, more binaries
tend to harbour lighter BHs due to the IMF. Meanwhile,
the BH−Be systems tend to have large eccentricities in
Models B−C and modest eccentricities in Model D.
2.2. The Case of BH−OB XRBs
Fig. 3 shows the predicted number distributions of
Galactic BH−OB XRBs in the companion mass vs. or-
bital period plane for Models A−D. Also the histogram
diagrams of calculated number distributions as a function
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Fig. 1.— Predicted number distributions of Galactic detached BH−Be binaries in the companion mass−orbital period plane for Models
A−D. The colors in each pixel are scaled according to the corresponding numbers. The two square symbols in each panel mark the positions
of the sources MWC 656 and AS 386.
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Fig. 2.— Calculated number distributions of all detached BH−Be binaries in the Milky Way as a function of the companion mass, the
BH mass, the orbital period, and the orbital eccentricity.
of the binary parameters are plotted in Fig. 4. It can be
seen that all our assumed models are characterized by
similar distributions of the companion masses and the
orbital periods, but significantly different distributions
of the BH masses and the orbital eccentricities. Since a
powerful stellar wind is required to activate an XRB, the
peak of the companion mass distribution of the wind-fed
BH−OB XRBs is shifted to higher masses of ∼ 8−13M,
compared to that of the BH−Be binaries. The orbital pe-
riod distribution of such XRBs has a peak at ∼ 4 days
in Model A and ∼ 10 days in Models B−D, since Model
A tends to produce more circular binaries than other
models. Similar to the case of BH−Be systems, the BH
mass distribution of the BH−OB XRBs has a peak near
∼ 7 − 8M in Model A while more binaries with light
(∼ 5M ) BHs are produced in Models B−D. The source
Cyg X-1 can be covered by the low probability region in
the companion mass vs. orbital period plane, which may
indicate that the majority of the BH−OB XRBs are rela-
tively dim X-ray sources. Our models predict that there
are ∼ 10−30 wind-fed BH−OB XRBs in the Milky Way.
2.3. The Case of BH−He XRBs
Fig. 5 presents the calculated number distributions of
Galactic wind-fed XRBs with a helium star in the com-
panion mass vs. orbital period plane. The four panels
6−3
−2
c 
−2
−1
c 
−3
−2
c 
−2
−1
c 
Fig. 3.— Predicted number distributions of Galactic wind-fed BH−OB XRBs in the companion mass−orbital period plane for Models
A−D. The colors in each pixel are scaled according to the corresponding numbers. The square symbol in each panel marks the position of
the source Cyg X-1.
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Fig. 4.— Calculated number distributions of Galactic wind-fed BH−OB XRBs as a function of the companion mass, the BH mass, the
orbital period, and the orbital eccentricity.
correspond to Models A−D. In all models, the BH−He
XRBs are obviously separated into two regions by an or-
bital period ∼ 2 − 3 days. The reason is that BH−He
XRBs can be formed via two different channels, depend-
ing on whether the progenitor binaries experienced a sta-
ble mass-transfer stage or a CE phase. The square sym-
bol in each panel marks the location of the source Cgy
X-3. This XRB possess the typical parameters of the
post-CE systems with close orbits.
In Fig. 6 we plot the histogram distributions of the cal-
culated number of Galactic BH−He XRBs as a function
of the companion mass, the BH mass, the orbital period,
and the orbital eccentricity for Models A−D. Since the
progenitor systems containing a BH and an OB star pos-
sess similar distributions of the OB star masses and the
orbital periods in all models, the BH−He XRBs also have
similar distributions of the helium masses and the or-
bital periods under assumption of different models. The
masses of the helium stars mainly distribute in the range
of ∼ 2 − 16M, and the orbital periods distribute in a
wide range (∼ 0.1−1000 days) with a peak at ∼ 30−100
days. Some recent investigations showed that the mass-
transfer process in the lobe-filling BH binaries is more
stable than previously expected (e.g., Pavlovskii et al.
2017; Shao & Li 2018), the maximal mass ratio of the
donor star to the BH for stable mass transfer can reach
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Fig. 5.— Predicted number distributions of Galactic wind-fed BH−He XRBs in the companion mass−orbital period plane for Models
A−D. The colors in each pixel are scaled according to the corresponding numbers. The square symbol in each panel marks the position of
the source Cyg X-3.
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Fig. 6.— Calculated number distributions of Galactic wind-fed BH−He XRBs as a function of the companion mass, the BH mass, the
orbital period, and the orbital eccentricity.
as high as ∼ 6. Hence only a few BH−He XRBs with
orbital periods of . 1 day are produced in our calcula-
tions. Remarkably, such wind-fed XRBs in close orbits
may be bright enough to be detected. In nearby galaxies,
there also exist a couple of such close XRBs (Esposito
et al. 2015, and references therein). During the evolu-
tion of the progenitor binaries, mass accretion of the BH
can increase its mass. We see that the BH masses in the
BH−He XRBs distribute in a broad range of ∼ 5−20M.
Model A predicts that the BHs are more likely to pos-
sess the masses of ∼ 7−8M since more binaries survive
from the BH formation via direct collapse without na-
tal kicks, while Models B−D tend to produce light BHs
with mass distributions having a peak at ∼ 5M due to
the IMF. Differently from the BH systems with an OB
star, almost all BH−He XRBs have relatively low ec-
centricities of . 0.4, whose distribution has two distinct
peaks at . 0.1 and ∼ 0.3. Tides and mass transfer be-
tween binary components tend to circularize the orbits
during the progenitor system evolution. Our obtained
low eccentricities can coincide with the observations of
Galactic WR−O binaries (van der Hucht 2001) that are
also post-mass transfer systems, although we do not in-
clude a detailed treatment for the orbital evolution of
mass-transferring eccentric binaries (e.g., Sepinsky et al.
2009; Dosopoulou & Kalogera 2016).
83. POPULATIONS OF RLO XRBS
Only a few BH HMXBs have been observed as the
wind-fed systems in the Milky Way, most of BH XRBs
are actually the RLO LMXBs (see Table 1). The obser-
vational parameters of the BH LMXBs include the BH
mass MBH, the orbital period Porb, the companion mass
Mc, the surface effective temperature Teff of the com-
panion stars, the BH’s spin parameter a∗, and the mean
mass-transfer rate M˙tr.
3.1. The Binary Evolution Calculations
To explore the properties of the RLO XRBs, we use
a combination of BPS and detailed binary evolution cal-
culations. The former can provide the birthrate distri-
bution of the incipient BH binaries3. With the latter we
can follow the subsequent evolution and especially track
their evolutionary sequences during the RLO processes.
We take the initial chemical composition of the compan-
ion stars to be X = 0.7, Y = 0.28, Z = 0.02. The BH is
treated as a point mass and assumed to be initially non-
rotating. Considering the mass range (∼ 5 − 15M) of
known BHs in the Milky Way (Casares & Jonker 2014),
for simplicity we only take two initial masses of 7 and
11M for BHs. The incipient BH binaries obtained from
the BPS calculations are employed to guide the sets of
the MESA grid of initial binary parameters. We sep-
arately deal with the initial binaries with different BH
masses, according to whether or not the BHs in the in-
cipient binaries are massive than 9M. Under each BH
mass, we evolve thousands of binary systems with ini-
tially different donor masses and orbital periods. All ini-
tial binaries are assumed to have circular orbits. There is
a caveat that the incipient BH binaries actually have ec-
centric orbits due to mass losses and possible kicks at BH
formation. We simply assume that the incipient BH bi-
naries are quickly circularized by tidal interactions with
the orbital angular momentum conserved, although this
assumption is not always valid, especially for the sys-
tems with long orbital periods. We compute the evolu-
tionary tracks of incipient BH binaries in a grid of com-
panion masses distributed over a range of ∼ 0.7− 60M
in logarithmic steps of 0.025 and orbital periods over a
range of ∼ 0.25 − 1000 days in logarithmic steps of 0.1.
The birthrate of each specific binary can be obtained by
weight of the ones of the incipient BH binaries residing
in the corresponding grid interval.
For a small fraction of the binary systems in this li-
brary, the code breaks down when the evolution calcu-
lation just begins, since the initial orbital period is so
short that the companion star has already filled its RL.
For some binaries with very large mass ratio or evolved
donor stars, the mass-transfer rates can rapidly rise up to
≥ 0.1M yr−1, these systems are expected to quickly en-
ter a CE phase (Pavlovskii et al. 2017; Shao & Li 2018).
In this case, we use the mass transfer rate of 0.1M yr−1
as a criterion to decide whether the code should be termi-
nated. Note that the systems with a higher mass-transfer
rate can hardly contribute to the population of the RLO
XRBs.
3 It is possible that the BH systems with a helium star can appear
as RLO XRBs, but they should be very rare since the lifetime is
very short (. 105 yr, Tauris et al. 2015). So we do not consider
the RLO XRBs with a helium star in our calculations.
The orbital evolution of a binary is driven by mass
exchange and angular momentum losses due to gravi-
tational wave radiation, magnetic braking, and possible
matter ejection from the binary system. We use the for-
mula of Rappaport et al. (1983) for magnetic braking,
with the index γ set to be 3. This mechanism is assumed
to work only for low-mass (≤ 1.5M) stars with a convec-
tive envelope. We adopt the scheme of Ritter (1988) to
compute the mass-transfer rate M˙tr via RLO. The mass
accretion rate onto a BH is limited by the Eddington
accretion rate
M˙E =
4piGMBH
ηκc
, (1)
where G is the gravitational constant, κ the opacity, c
the speed of light in vacuum, and η the efficiency of the
BH in converting rest mass into radiative energy. This
efficiency is approximately given by
η = 1−
√
1−
(
MBH
3M0BH
)2
(2)
for MBH <
√
6M0BH, where M
0
BH is the initial mass of
the BH (Bardeen 1970). As the BH accretes mass and
angular momentum, its spin parameter a∗ is calculated
according to
a∗ =
(
2
3
)1/2
M0BH
MBH
4−
[
18
(
M0BH
MBH
)2
− 2
]1/2 (3)
for MBH <
√
6M0BH (Thorne 1974).
The matter flow from the companion star forms an ac-
cretion disk around the BH. Depending on whether or
not the accretion disk is thermally and viscously unsta-
ble (Lasota 2001), BH XRBs can be divided into tran-
sient and persistent sources. The disk state can be dis-
tinguished by a critical mass-transfer rate, for which we
adopt the formula of Lasota et al. (2008) for irradiated
accretion disk. If the mass-transfer rate falls below the
critical value, the XRB is assumed to be a transient
source experiencing short-lived outbursts separated by
long-term quiescent phases. Matter accumulates in the
disk during the quiescent phases and accretes during the
outburst phases. The duty cycle is defined as the ratio of
the outburst duration to the recurrence period, and we
set it to be 0.03 (King et al. 2003) in our calculations.
For transient sources, the mass accretion rates can be
greatly enhanced during outbursts. In this case, the ac-
cretion rate of the BH is also constrained by the Edding-
ton limit. Matter lost from the binary system is assumed
to carry away the specific orbital angular momentum of
the BH.
For sub-Eddington accretion, the X-ray luminosity is
given as
LX = ηM˙trc
2. (4)
When M˙tr is larger than the Eddington rate M˙E, the ac-
cretion disk may appear to be geometrically thick, which
can significantly influence the X-ray luminosity. In this
case, more and more of the material can be blown away as
it flows inward to the BH, so that the accretion disk never
violates the Eddington limit locally (Shakura & Syun-
yaev 1973). In our calculations, we follow the method of
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Fig. 7.— Example evolution of the binary systems containing an initially 7M BH. The top and bottom panels correspond to the initial
companion masses of 1 and 3M, the blue and red curves correspond to the initial orbital periods of 1 and 10 days, respectively. The
evolutionary tracks of the mass-transfer rates as a function of the orbital periods are presented in the left panels, and the orbital periods
(solid curves) and the BH masses (dashed curves) as a function of the donor masses in the right panels. The black dashed lines reflect the
critical mass-transfer rates for accretion disk instability.
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Fig. 8.— Number distributions of Galactic RLO BH XRBs as a function of the companion mass (left panel) and the orbital period (right
panel). The colored solid curves correspond to Models A−D, and the gray dashed curves denote the observational data multiplied by a
factor of 10.
King & Lasota (2016) to convert the mass-transfer rate
into the X-ray luminosity. The total accretion luminos-
ity, by integrating the local disk radiation (Shakura &
Syunyaev 1973), can be expressed as
Lacc ' LE
[
1 + ln
(
M˙tr
M˙E
)]
, (5)
where LE is the Eddington luminosity. According to this
equation, the binary system can radiate an X-ray lumi-
nosity limited by several times the Eddington limit. As a
result of the geometric collimation, one can see the X-ray
source in directions within one of the radiation cones, so
an apparent (isotropic) X-ray luminosity is
LX ' LE
b
[
1 + ln
(
M˙tr
M˙E
)]
, (6)
where b is the beaming factor. For this factor, King
(2009) proposed an approximate formula
b ' 73
m˙2
, (7)
where m˙ = M˙tr/M˙E. This formula is valid when m˙ is
greater than ∼ 8.5, otherwise the beaming effect does
not work (i.e., b = 1). Accordingly, we assume that
the potential of detecting an XRB along the beam is
decreased by a factor of b in our calculations.
3.2. Evolution of a single binary
Figure 7 shows sample evolutionary paths of four in-
dividual BH binaries, in which the initial mass of the
BH is fixed to be 7M. We take the initial masses of
the companion stars to be 1 (top panels) and 3M (bot-
tom panels), and the initial orbital periods to be 1 (blue
curves) and 10 days (red curves). From this figure, there
is a common tendency that the mass-transfer rates are
higher for the systems with longer orbital periods and
larger companion masses. In the cases with a 3M com-
panion star, as the material is transferred from the less
massive companion to the more massive BH, the binary
orbit enlarges. The companion star remains close to ther-
mal equilibrium and the mass transfer is driven by the
nuclear evolution of the companion star. The binary fi-
nally evolves to be a wide LMXB. A similar evolutionary
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Fig. 9.— Population diagrams for Galactic RLO BH XRBs in Model A (top four panels) and B (bottom four panels). (1): Mass transfer
rate vs. orbital period. (2): Mass transfer rate vs. companion mass. (3): Orbital period vs. companion’s surface effective temperature.
(4): Orbital period vs. companion mass. The colors in each pixel are scaled according to the XRB numbers. The observational data are
plotted with the blue squares. The black dashed line in each panel (1) reflects the critical mass-transfer rates for accretion disk instability.
path can be found for the case with a 1M companion
in a 10 day orbit. However, for the binary initially con-
taining a 1M companion in a 1 day orbit, the orbital
evolution is mainly controlled by the mechanisms of mag-
netic braking and gravitational wave radiation, leading
the binary to be a converging system. This is a typical
scenario of forming a close BH LMXB. When the com-
panion mass decreases to ∼ 0.3M and the orbital period
drops to ∼ 0.1 day, the binary experiences a detached
phase due to the turn-off of the magnetic braking for
a fully convective star. We note that the mass-transfer
rates in all binaries are usually below the critical rates for
accretion disk instability, indicating that the BH LMXBs
are likely transient X-ray sources. By considering the role
of accretion disk instability and the Eddington limit, a
fraction of the transferred material is ejected out of the
binary system. This explains the difference in the final
BH mass in different cases.
3.3. Formation of BH LMXBs
In Figure 8, we plot the calculated number distribu-
tions of the RLO XRBs with a BH accretor as a function
of the companion mass (left panel) and the orbital period
(right panel) in Models A−D. The dashed curve in each
panel denotes the distribution of the corresponding pa-
rameters of observed RLO XRBs in the Milky Way. As
shown in Paper I, the incipient BH binaries with com-
panion masses less than ∼ 5M are hardly formed in
Model A. Under the assumption of this model, we ob-
tain that the total number of the RLO XRBs is about 53
in the Milky Way. These XRBs have the donor masses
of & 1M and the orbital periods of & 1 day, which
cannot match the observations. In Models B−D, the in-
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Fig. 10.— Calculated number distributions of Galactic RLO XRBs in the a∗ − Porb (left panel) and ∆MBH − Porb (right panel) planes
under assumption of Model B. The colors in each pixel are scaled according to the XRB numbers. The blue squares mark the positions of
observed BH LMXBs.
 
Log Mc ( M )
 
Log Mc ( M )
Fig. 11.— Calculated number distributions of the BH ULX systems in the orbital period vs. companion mass plane. The left and right
panels correspond to Model A and B, respectively. The colors are scaled according to the ULX numbers.
cipient BH binaries with a low-mass companion can be
effectively created (see Paper I). Due to the mechanisms
of magnetic braking and gravitational wave radiation, a
fraction of them can evolve to be the converging systems,
leading to the formation of close BH LMXBs. Our cal-
culations show that the overall population of the RLO
XRBs has the number of several hundreds (see also Ta-
ble 2), which is dominated by the LMXBs with donor
masses distributing at a peak of ∼ 0.6M and orbital pe-
riods distributing at a peak of ∼ 0.2 day. We can see that
the calculated distributions of the companion masses and
the orbital periods roughly coincide with the observa-
tions of Galactic RLO XRBs in Models B−D. Since the
donor masses and the orbital periods of the RLO XRBs
have similar distributions under assumption of Models
B−D, we only show detailed parameter distributions of
the XRB systems in Models A and B in the following.
Figure 9 shows the color images of the evolutionary
tracks for all Galactic RLO XRBs in Models A and B.
Each panel contains a 100 × 100 matrix element of the
corresponding parameters. The colors in each pixel are
scaled according to the XRB numbers, which can be ob-
tained by accumulating the product of the birthrates of
the binaries passing through the corresponding matrix
element with the time durations. The blue squares mark
the positions of known RLO BH XRBs in the Milky Way.
In panels A1 and B1, the dashed line reflects the critical
mass-transfer rates for accretion disk instability (Lasota
et al. 2008). One main difference between both mod-
els is that the minimal mass of BH progenitors drops to
∼ 15M in Model B compared to & 20M in Model
A. Stars below 20M have much lower stellar winds and
tend to develop more classical giant structures at the
end of their evolution, which is accompanied by much
lower envelope binding energies. This mass decrease of
BH progenitors can lead to not only the reduction of the
envelope masses, but also the dramatic decline of the en-
velope binding energies for CE evolution. In Model B,
the incipient BH binaries with a low-mass companion can
survive the CE evolution, finally leading to the formation
of LMXBs. Since LMXBs cannot be formed in Model A,
we focus on the calculated outcomes in Model B. We can
see that most of the RLO XRBs are expected to be tran-
sient sources, since the mass-transfer rates are well below
the critical values. The XRB systems mainly distribute
in the region with mass transfer rates of . 10−9M yr−1
and orbital periods of . 1 day. Panels B2 and B4 show
that the companion stars with masses . 1M dominate
the population of the RLO XRBs. This is because the
low-mass companions in close binaries always stay on the
main sequence, and experience long-lasting mass transfer
phases driven by angular momentum loss due to mag-
netic braking and gravitational wave radiation. So the
majority of the RLO XRBs are LMXBs. A small fraction
of them evolve to be diverging systems with relatively
long orbital periods, and these binaries tend to have rel-
atively high mass-transfer rates. From panel B3, we can
see that the effective temperatures of the companion star
mainly distribute in the range of ∼ 3000−9000 K. Over-
all, the calculated distributions in Model B can roughly
match the observations for the various parameters of the
RLO XRBs.
It was proposed that the measured spins of BHs in
LMXBs can be accounted for by the accreted matter,
even if the BHs are initially non-rotating (Podsiadlowski
et al. 2003; Fragos & McClintock 2015). From the ac-
creted mass ∆MBH we can obtain the spin parameters
a∗ for BHs in the RLO XRBs4. Fig. 10 presents cal-
4 The spins of BHs in wind-fed HMXBs are not involved in our
calculations, the possible origin was recently investigated by Qin
et al. (2019).
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Fig. 12.— A schematic plot depicts the formation of a BH binary
similar to the one discovered by Thompson et al. (2019) and finally
a ULX system. Acronyms for different stellar types used in this
figure−MS: main sequence; SG: supergiant; He: helium star; RG:
red giant.
culated number distributions of Galactic RLO XRBs in
the a∗−Porb (left panel) and ∆MBH−Porb (right panel)
planes in Model B. The blue squares mark the positions
of observed BH LMXBs. In each panel, there seem to
be three high probability regions corresponding to differ-
ent types of evolutionary tracks. (1) For LMXBs with
initial Porb . 1 day. a∗ gradually increases as the Porb
decreases, and ∆MBH can reach up to ∼ 1.5M. Gener-
ally a∗ . 0.6. (2) For LMXBs with initial Porb & 1 day.
a∗ slowly increases as the orbit enlarges, and ∆MBH is
usually less than ∼ 1M. Generally a∗ . 0.4. (3) For
IMXBs with initial Porb ∼ 0.5 − 3 days. a∗ rapidly in-
creases as the Porb increases, and ∆MBH can reach as
high as ∼ 6M. In this case, a∗ can cover a wide range
of . 0.9. Our calculations demonstrate that the spins
of BHs in LMXBs can be explained by the transferred
matter from the companion star, but the formation of
GRS 1915+105 hosting a high spin BH is out of our ex-
pectation. If GRS 1915+105 is the descendant of an
IMXB, such a source is expected to be very short-lived
and hardly detected. It is possible that GRS 1915+105
is evolved from an initially LMXB in which the BH was
born with a high spin.
3.4. Expected Population of BH ULXs
Among the RLO XRBs, a small group of them can
appear as ULXs (with X-ray luminosities greater than
1039 erg s−1) when the mass-transfer rates are higher
than ∼ 10−7M yr−1 (e.g., King & Lasota 2016). The
ULX systems are expected to be so rare that they are
hardly detected in the Milky Way, but hundreds of them
have been discovered in external galaxies due to their
bright X-ray emission. Figure 11 depicts the number dis-
tribution of the BH ULXs in a Milky Way−like galaxy
in the companion mass vs. orbital period plane. The
left and right panels correspond to the calculated results
in Model A and B, respectively. The effect of geometric
beaming on the detection probability of a ULX has been
considered. In Model A, the number of BH ULXs is ∼ 12.
Almost all of them contain an intermediate-mass donor,
and the orbital periods distribute in the range of ∼ 1−10
days. Since the incipient BH LMXBs cannot be produced
in Model A, the BH ULXs are mainly IMXBs. In Model
B, the ULX number in a Milky Way−like galaxy rises
to ∼ 16. About 80% (∼ 13) of the ULX systems are
IMXBs and the rest (∼ 3) are LMXBs with Porb & 10
days, in which the low-mass donors have climbed to the
giant branches at an age older than 100 Myr. We can
see that in both models there are few BH ULX systems
with a massive donor of mass & 10M.
Recently, Thompson et al. (2019) discovered a non-
interacting binary containing a ∼ 2.6 − 6.1 BH and a
∼ 3M giant star in a ∼ 83 day orbit. The subsequent
evolution of this binary must experience a ULX phase.
Here we briefly discuss the formation and evolution of
a binary system similar to this source (see also Breivik
et al. 2019). Since the incipient BH binaries with a ∼
3M companion cannot be produced in Model A, we only
check the BPS outcomes in Model B. The companion
mass and the orbital period of this source are used to pick
out the required systems with similar binary parameters.
As an example (see Fig. 12), the evolution begins from a
primordial binary consisting of a 17.3M primary and a
2.9M secondary in a 2160 day orbit. At the age of 11.7
Myr, the primary star that has evolved to be a supergiant
star fills its RL and a CE phase follows. Shortly, the post-
CE primary collapses into a BH with mass of 5.1M.
At the moment, the remnant binary becomes a detached
BH system containing a ∼ 3M main-sequence star in an
eccentric (e = 0.48) orbit with period of 124 days. At the
age of 387 Myr, the companion star has already climbed
to the red giant branch, and the binary is circularized to
have a circular orbit with period of 83 days. After the
giant star fills its RL, this binary can appear as a ULX,
whose age is about 481 Myr. The discovery of such wide
BH binary demonstrates that some BH ULXs with a low-
mass donor are indeed existed in an old environment.
Recent observations have uncovered a population of
ULXs with an NS accretor (e.g., Bachetti et al. 2014;
Fu¨rst et al. 2016; Israel et al. 2017a,b). Shao et al.
(2019) studied the parameter distribution and the num-
ber of the NS ULXs. In the calculations presented here,
we focus on the BH ULX systems. The initial condi-
tions and input parameters used in both studies are the
same, so we can directly compare the relative contribu-
tion of the ULXs with either an NS or a BH accretor.
Figure 13 shows the X-ray luminosity function of the
ULX population in a Milky Way−like galaxy. The top
and bottom panels correspond to Model A and B, re-
spectively. In each panel, the black solid curve corre-
sponds to the BH ULXs, the black dashed curve corre-
sponds to the NS ULXs (from Shao et al. 2019), and
the green solid curve corresponds to the whole (totally)
population of the ULX systems. For the observed ULX
sample in external galaxies, Swartz et al. (2011) fitted
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Fig. 13.— The X-ray luminosity function for the ULX systems in a Milky Way−like galaxy. The top and bottom panels correspond to
Model A and B, and the left and right panels correspond to the cases when using Equation (6) and (4) to calculate the X-ray luminosity,
respectively. In each panel, the black solid and black dashed curves correspond to the ULX systems with a BH and an NS accretor,
respectively. The green curve denotes the whole ULX population. Based on the observed ULX sample in external galaxies, the luminosity
functions are fitted when applying two models of a power-law with an exponential cut-off (red solid curve) and a pure power-law (red
dashed curve). Here the fit parameters are taken from Swartz et al. (2011).
the luminosity functions that are plotted with the red
curves in this figure. We should note that the luminosity
functions from both calculations and observations have
been normalized to a star formation rate of 3M yr−1
for Milky Way−like galaxies. In the left panels, the lu-
minosity function for the BH ULXs has a distinct break
at the position of LX ∼ 4 × 1039 erg s−1, which corre-
sponds to a point that the beaming effect starts work-
ing. For the NS ULXs, the corresponding luminosity
function has a similar break at LX ∼ 2 × 1039 erg s−1
(see also Shao et al. 2019). In the right panels, we plot
the calculated luminosity function without taking into
account the beaming effect for comparison, instead us-
ing Equation (4) to calculate the X-ray luminosity. It is
indicated that BH ULXs are predominantly non-beamed
XRBs (see also Wiktorowicz et al. 2019). We can see
that the calculated ULXs with LX . 4× 1039 erg s−1 are
significantly more than the observed, although the lu-
minosity function at LX & 4 × 1039 erg s−1 can roughly
match the observations. We estimate that the BH bina-
ries can contribute a dozen ULXs in a Milky Way−like
galaxy (see also in Table 2), which have a considerable
contribution to the whole ULX population compared to
the NS binaries. Our calculations show that the total
number of the ULX population is about 20 − 30, while
the observations indicate that only a few ULXs have been
already detected. One possible origin of this discrepancy
is the selection effect against observing transient ULXs.
4. DISCUSSION
For the wind-fed systems, we set an X-ray luminos-
ity of 1035 erg s−1 to pick out the potential XRBs from
our BPS calculations. Thus we obtain that the BH−OB
and BH−He XRBs respectively have the total numbers
of ∼ 10 − 30 and ∼ 30 − 110 (see Table 2). In fact,
the wind-fed XRBs with lower luminosities may be also
detectable. Considering an extreme case that includes
all detached BH binaries in spite of the X-ray luminosi-
ties (the BHs may have very low accretion rates), we can
provide an upper limit for the number of the wind-fed
XRBs. Fig. 14 shows calculated number distributions
of all detached BH−OB (left panel) and BH−He (right
panel) binaries as a function of the companion masses
in Models A−D, which are plotted in the dashed curves.
The number distributions of Galactic wind-fed XRBs are
also given for comparison, which are plotted in the solid
curves (same as those in Section 2). Under assumption
of Models B−D, the mass spectrum of the normal-star
companions in detached BH systems has a continuous
distribution between ∼ 0.7M and ∼ 50M (see Paper
I), here we set a cut-off mass of 4M to identify the
OB stars (the detached systems with Mc ≤ 4M are
the post-CE systems evolved from the primordial bina-
ries). For the BH−OB binaries, we estimate that there
are ∼ 110−440 such detached systems in the Milky Way,
most of them contain relatively less-massive B-type stars.
For the BH−He binaries, our obtained total numbers in
all models are of the order 100, and the majority of them
have a low-mass helium star. Evolved from the BH bina-
ries with a giant companion, the binaries are identified
as detached BH−He systems when the giant star losses
its hydrogen envelope and becomes a low-mass helium
star. This may happen just before the formation of a
white dwarf, so the mass of the helium star can reach as
low as ∼ 0.4M. Besides a normal-star companion (see
Paper I), we emphasize that a small fraction of Galac-
tic BH detached systems actually contain a helium star,
which may be detected due to the optical emissions of
the helium star.
Next we briefly discuss the potential of detecting
BH−Be XRBs. So far, tens of BeXRBs have been con-
firmed to host an NS (Liu et al. 2006; Reig 2011). Only
MWC 656 and AS 386 are suggested to contain a BH
orbited by a Be star via the optical observations of the
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Fig. 14.— Calculated number distributions of Galactic BH−OB (left panel) and BH−He (right panel) systems as a function of the
companion masses in Models A−D. The dashed curves denote all detached systems, while the solid curves correspond to the wind-fed
XRBs (same as those in Section 2).
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Fig. 15.— Similar to Fig. 8 but taking the CE ejection efficiency to be 0.2 (top panels) and 5.0 (bottom panels).
Be star, none of them has been observed in the X-ray
band. BPS studies suggest that BH−Be binaries are
much less than NS−Be binaries (Belczynski & Ziolkowski
2009; Shao & Li 2014). However, the estimated number
(∼ 330 − 1040) of the BH−Be binaries is about three
times that (∼ 110 − 440) of the BH−OB binaries (see
Table 2). The source Cyg X-1 is an XRB with an O-type
star, but no one BH−Be XRB has be detected. Recently,
Langer et al. (2020) used a large grid of detailed binary
evolution calculations to analyse the properties of the
BH−OB binaries in the Large Magellanic Cloud. It was
mentioned by them that the majority of the BH−OB bi-
naries may be X-ray silent, even if quite a fraction of the
systems actually contain a Be star companion. Theoret-
ical models usually assume that a Be star is just a rapid
rotator, but it is unclear that whether the Be disk can
exist. One possibility is that the Be disk has been dis-
rupted when it closes to a WR star with a powerful wind
during the evolution of the progenitor systems (Langer
et al. 2020). Besides, the truncation mechanism of the
Be disk (Artymowicz & Lubow 1994) may be so efficient
that the accretion rate of the BH is very low and the
binary remains to be X-ray quiet (Zhang et al. 2004).
At last, we revisit the formation and evolution of BH
LMXBs. Evolved from massive primordial binaries, the
formation of LMXBs involves a CE phase. During the
CE evolution, the orbital energy of the embedded bi-
nary is assumed to eject the envelope. The magnitude
of the CE ejection efficiency has a big uncertainty, which
can influence the birthrate and the parameter distribu-
tion of the incipient BH binaries. Note that we have set
this efficiency to be unity in our previous calculations.
When dealing with the post-CE binaries with a white
dwarf and a main-sequence star, Zorotovic et al. (2010)
indicated that the CE ejection efficiency should be in
the range of 0.2 − 0.3. However, Fragos et al. (2019)
suggested a very high efficiency of ≈ 5 when simulating
the inspiral of an NS inside the envelope of a red super-
giant5. In order to match the observed correlation be-
5 A CE ejection efficiency higher than unity obviously violates
energy conservation during the CE evolution. However, for a su-
pergiant star losing mass rapidly during a CE phase, the reaction
of the stellar radius to mass loss changes suddenly when a large
fraction of the envelope has been stripped and the hydrogen abun-
dance drops below a critical limit. At this point, the envelope of
the supergiant contracts quickly and the binary system becomes
detached. After the CE phase, some hydrogen-rich materials still
remain around the stellar core. This remaining hydrogen layer can
dominate the overall gravitational binding energy of the envelope
due to its small radius, leading to an equivalently high value of the
CE ejection efficiency (Fragos et al. 2019).
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tween X-ray luminosity and displacement for the HMXB
population, Zuo & Li (2014) inferred that a modest ef-
ficiency ∼ 0.8 − 1.0 is more preferable. In Fig. 15 we
show the calculated number distributions of Galactic BH
RLO XRBs as a function of the companion mass and the
orbital period in Models A−D, when assuming the CE
ejection efficiency to be 0.2 (top panels) and 5.0 (bot-
tom panels). Obviously, the calculated distributions in
Model A still cannot match the observations, since the
BH systems with a low-mass companion cannot survive
the CE evolution. In the top panels, Models B−D pre-
dict that the companion mass distribution has a peak
near 0.6M and the orbital period distribution has a
peak near 0.2 day. The total number of the RLO XRBs
in the Milky Way is ∼ 1300− 1800. In the bottom pan-
els, the peaks of the companion mass and orbital period
distributions are respectively shifted to ∼ 1M and ∼ 1
day, compared to the case with a smaller CE ejection ef-
ficiency. The calculated number of Galactic RLO XRBs
in Models B−D drops to ∼ 390− 650. This is because a
large CE ejection efficiency tends to produce wide incip-
ient BH binaries against the formation of the converging
LMXBs. The evolution of BH LMXBs in our study is
driven by the standard mechanisms of magnetic braking,
gravitational wave radiation and possible mass ejection.
Long-term observations show that some BH LMXBs are
experiencing extremely rapid orbital decays, which are
greatly larger than expected if only including the con-
ventional mechanisms (Gonza´lez Herna´ndez et al. 2012,
2014, 2017). Some exotic mechanisms are required to
strongly extract the orbital angular momentum of the
BH LMXBs, e.g., the interaction of the binary system
with a surrounding circumbinary disk (Chen & Li 2015;
Xu & Li 2018; Chen & Podsiadlowski 2019). The real
mechanisms of driving the evolution of BH LMXBs may
be very complicated, which are not further considered in
our simulations. Predictably, these uncertainties can sig-
nificantly change the predicted properties and the num-
ber size of the BH LMXBs in the Milky Way.
5. CONCLUSIONS
Our previous study (Paper I) have simulated the pop-
ulation of Galactic detached BH binaries with normal-
star companions for a range of physical models. Model
A involves the traditional mechanism for BH forma-
tion, in which the initial masses of BH progenitors are
& 20 − 25M. In Models B−D we assume that the BH
progenitor masses can drop as low as ∼ 15M while
the newborn BHs possess different kick velocity distri-
butions. In this work, we further explore the poten-
tial population of BH XRBs, involving the number sizes
and the parameter distributions. By use of both binary
population synthesis and detailed binary evolution cal-
culations, we obtain the predicted properties for vari-
ous types of BH XRBs that include the wind-fed sys-
tems and the RLO ones. The wind-fed XRBs are usu-
ally I/HMXBs containing an OB star or a helium star
around the BH. Our calculated outcomes of wind-fed
XRBs do not strongly depend on the assumed models,
in all of which the observed sources can be well repro-
duced. Model A predicts that the wind-fed XRBs are
more likely to harbour a ∼ 7 − 8M BH in a nearly
circular orbit, while Models B−D tend to produce the
XRB systems with a light (∼ 5M) BH in an eccentric
orbit. The RLO XRBs are predominately L/IMXBs. By
comparing our predictions with the observed properties
of known BH LMXBs in the Milky Way, we find that
the formation of LMXBs favors the models (i.e., Models
B−D) involving relatively small masses for BH progen-
itors. Accordingly, we summarize our main results in
Models B−D as follows.
1. We estimate that there are totally ∼ 500− 1500 de-
tached BH binaries with an OB star in the Milky Way, of
which ∼ 3/4 are BH−Be systems and ∼ 1/4 are BH−OB
systems (see Table 2). Among the BH−OB binaries,
a small percent of them are expected to be detectable
XRBs. The source Cyg X-1 is such an XRB with an
O-type star. MWC 656 and AS 386 are the BH−Be bi-
naries that were discovered by the optical observations
of the Be star, but both of them are undetected in the X-
ray band. In contrast to the NS−Be XRBs, the majority
of the BH−Be systems may be X-ray quiet due to the
disruption of the Be disk (see also Langer et al. 2020).
2. Our calculations show that the total number of
Galactic wind-fed XRBs with a helium star is ∼ 30−110.
These XRBs can be generated via two different ways, de-
pending on whether the progenitor systems experienced
a stable mass-transfer stage or a CE phase. The post-
CE systems are close XRBs, the candidate source Cyg
X-3 is such a binary. The majority of the BH−He XRBs
are expected to be relatively wide systems, whose orbital
period distribution has a peak at ∼ 30− 100 days.
3. Since the observability of the RLO XRBs depends
on the mass-transfer timescale, the LMXBs with com-
panion masses of . 1M and orbital periods of . 1
day dominate the XRB population. The calculated dis-
tributions of various parameters of the RLO XRBs can
roughly coincide with that of the observed sample. We
estimate that the number of the BH LMXBs in the Milky
Way is about several hundreds, provided that the mass
transfer via RLO is driven by the standard mechanisms
of the orbital angular momentum losses. When varying
the CE ejection efficiency in the range of 0.2 − 5.0, the
total number of Galactic RLO XRBs can change by a
factor of ∼ 3. We find that the calculated LMXBs can
better match the observations when adopting a relatively
low efficiency of . 1.
4. The RLO XRBs may appear as ULXs if the
mass transfer proceeds rapidly at a high rate of &
10−7M yr−1. We estimate that the RLO systems with
a BH accretor can contribute about a dozen ULXs in a
Milky Way−like galaxy, which have a comparable con-
tribution with the NS binaries to the whole ULX pop-
ulation. The BH ULXs may exist in both young and
old environments, which are respectively dominated by
IMXBs and LMXBs.
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